INTRODUCTION
Wide band gap gallium nitride is attracting considerable interest because of its use in the preparation of electronic devices, such as light emitting diodes and laser diodes performing in the blue and UV region [I ,2] . A number of different types of deposition techniques are used for forming gallium nitride layers, but the most widespread method is chemical vapour deposition from gallium halogenides and ammonia because this technique provides deposition of high quality GaN layers with relatively high growth rates [3, 4] . However the mechanism of deposition is still not completely clear in spite of the considerable research, which has been canied out. An improved understanding of the process chemistry is desirable for improving the reproducibility of deposition and film quality.
The results of the experimental study and thermodynamical calculation [5, 6] show that the gas phase formed during the process of CVD of gallium nitride films in the Ga-Cl-N-H System has a complicated composition, probably because of the occurrence of several homogeneous and heterogeneous reactions. The summary growth rate as well as the deposition mechanism are likely to be determined by the relative concentrations of species being formed in the gas phase. h this connection, it is clear that the available information on the actual composition of the gas phase in the deposition zone, obtained directly during the CVD process, is very important for a better understanding of the regularity of GaN film growth.
The main purpose of this paper is to report new results fiom a study of CVD of gallium nitride films based on pyrolysis of the complex of gallium trichloride with ammonia, GaCl $El, In order to minimise any possible influence on the process chemisw, and also because some components, whose formation is to be expected in the Ga-CI-N-H System, have the absorption bands in the UV region [6-91, direct "in situ" ultraviolet s~ectroscopic analysis of the gas phase during CVD was carried out.
EXPERIMENTAL
A schematic diagram of the experimental apparatus used in this study is shown in Fig. I . A special two zone hot wall model reactor with quartz windows, which permitted transmittance spectra in the region nm, was placed between the source of UV light (deuterium lamp, 30 W) and the monochromator. The vapour of precursor (GaCl jNHJ from the evaporator was delivered with carrier gas (eIectronic grade argon) to the reaction zone. To prevent overheating of the evaporator at high temperatures in the reaction zone, a system of Mo screens was placed between the evaporation zone and the reaction zone. These zones were separately heated with resistance furnaces, and their temperatures were measured with the thermocouples. The construction of the model reactor allows the introduction of additional reagents into the reaction zone.
The complex of gallium trichloride with ammonia, GaCl;NH,, was previously synthesised from gallium (99.99%) and N&Cl (electronic grade). The partial pressure of the initial complex can be changed in the region 20-3000 Pa by varying the evaporation temperature.
EXPERIMENTAL RESULTS AND DISCUSSION
Typical UV spectra of the gas phase, which were formed during pyrolysis at different temperatures, are shown in Figures 2 (a,b,c) . The partial pressure of GaCl,NH, was about 360 Pa in all these experiments. One can see that a system of absorption bands in the region (200-230) nm was observed in all spectra obtained at the reaction zone temperatures of 300-600 T. Information on the position of the maxima of the above mentioned absorption bands is presented in the Table 1 . Also in this table one can find data on the absorption bands of pure ammonia, obtained at the same temperature. The difference in the position of maxima does not exceed a value of 0.5 nrn, which was the step of discreteness of wavelength scale used in this work. Thus, this coincidence as well as the general appearance of the obtained spectrum, which is analogous to that previously published [8j, allows us to conclude that the The results of analysis of the transmittance spectra of pure ammonia show that the long-wave bounhry of its absorption band system is very sharp: eventhough the absorption in the region (200-230) nm was high, the transmittance of a gas phase of pure ammonia goes to1 . O at about 230 nrn ( Fig.2c ,curve 2). Therefore the fall off in the transmittance in the regon (230-300)nm is caused by a broad absorption band with the maximum at h < 230 nm, belonging to a different compound. Gallium trichloride is the most probable of the above mentioned compounds, because it is known that its W spectrum obtained in the temperature range 150-600 "C has a broad absorption band with the maximum at A < 200 nm [7] . Thus it was found that molecules of NH, and GaCI, are present in the gas phase in the pyrolysis temperature region of about 300 -600 "C.
In the temperature region 600-700 @ an absorption band with a maximum at 249 nm (Fig.2b , curve 1) was found. Analysis of the spectrometric data shows that this band corresponds to the electronic transition C'll-X'8' in the molecules of GaC1 191. This agrees well with the previously published data [7, 10] . As the temperature in the reaction zone increases, there is a marked increase in the intensity of this band. Also additional discrete absorption bands appeared in the region of higher wavelengths. The results of calculations (see tabIe 2), performed using At higher temperatures (>800 T) a new system of adsorption bands appeared in the region (320-350) nm Electronic transition C'II-X' C+ B311,-X' X + (see Fig.2b, curve 3) . It corresponds to the electronic transition B%,*x'x+ of the GaCl molecule.
Concurrently with this system, a separate a b s o p o n band at 243 nm, corresponding to C'II-X' X + electronic transitions of GaCl molecules between v"=O and v'=7 vibrational levels was found. This effect seems to be the result of the increasing population density of upper vibrational levels of the C'II electronic state of GaCl molecule.
As the temperature in the reaction zone increases higher than 800 @, the partial merging of discrete bands, belonging to the electron-vibrational system of NH, (200-300 nrn) and GaCl (240-260 nm) was observed. This caused a considerable increase in intensity of absorption in the above mentioned regions, because of the effect of temperature on the breadth of vibrational levels. When the temperature in the reaction zone was higher than 850 "C, the intensity of the absorption band at 249 nm was so high that transmittance in the region 250-270 nm was almost zero. Thus, analysis of transmittance spectra of the gas phase obtained during pyroiysis of GaCl $El ,demonstrates that molecules of NH, GaCI, and GaCl are present in the reaction gas mixture, and their relative concentrations are dependent on the temperature of pyrolysis.
To examine trends in the variation of concentrations of these compounds with temperature in the reaction zone, the integral absorption coeff~cient K was calculated as follows: From [7] Observed in this work 400 600 800 1000 1200 Reaction temperature / K coefficient, but it characterises absorption over a range of wavelengths in contrast to a conventional coefficient, which determines absorption at a specific A. This provides the possibility for estimating more reliably the value of K, which is proportional to the concentration of the absorbing species. The integral absorption coefficient K for GaC1, was calculated in the region 235(3t,)-245(1,) nm, where there is no an overlap of the absorption bands corresponding to GaCI, and NH, (see Fig 2c) Typical dependence of K for some species, found in the gas phase, on temperature in the reaction zone are presented in Fig.3 . It should be noted that variation of the partial pressure of see an increase in pyrolysis temperature in the region 300-500 "C causes an increase in concentrations of NH, and GaCI, in the gas phase. The values of the partial pressures of ammonia, calculated from the results of experiments with gas mixtures containing known amounts of NH, were in the region 10-25 Pa. It is most probable, that the presence of NH, and GaCI, in the gas phase is caused by partial dissociation of GaCI,NH, complex via the following reaction:
GaCI;NH, " GaCI, + NI-I,
( 1 )
This reaction is thermodynamically probable in the temperature region 300-500 "C 1121, whereas decomposition of the complex via the reaction (2) is impossible at such low temperatures.
GaCI;NH, ' GaN + 3HCI (2) Calculations made on the basis of real values of the partial pressure of ammonia, show that the values of the degree of dissociation of the initial complex on GaCl ,and NH,do not exceed 5% at temperatures of a b u t 440 "C. This agrees well with the results of thermodynamical calculations and the data from [12] . Thus, it was found that at pyrolysis temperatures lower than 500 ' C, the gas phase mainly consisted of the initial GaCl W , complex.
At temperatures of pyrolysis above 500 "C, the reaction (2) is possible and leads to a decrease in the concentrations of GaCI, and NH, in the gas phase (Fig.3) , in spite of the shift of equilibrium of the reaction (1) to form more reaction products at the higher temperatures. Concurrently with the beginning ofthe reaction (2) , gallium monochloride appeared in the gas phase (Fig.3) , whereupon its concentration increased with ~yrolysis temperature. In connection with the accumulation of HCl in the gas phase because of the reaction (2), the most probable reason for formation of GaCl vapour in the deposition zone is reaction of deposited gallium nitride films with HCI vapours: Wavelength / nm well as under the special experiment condrtions, when HC1 gas is passed through a model reactor previously covered with GaN films. Hydrogen chloride for these experiments was obtained as a product of GaCIiNH, pyrolysis, which was carried out in an additional reaction chamber, tandem placed in the gas line before the main reactor. This provided a HCI partial pressure almost equal to that during deposition of GaN by pyrolysis of GaCI;NH, complex. Appearance of the absorption band at 249 nm was detected in the spectra of the gas phase obtained even at about 500 "C, and the intensity of this band increased with temperature. Thus, this direct experiment confirms the occurrence of the reaction (3) under the conditions being studied, and also points to the fact that the reaction (2) has a irreversible character. because the absorption bands, corresponding to NH, and GaCI,, were not found in all the spectra obtained. They would have been expected if there had been GaCI;NH, complexes in the gas phase. On the basis of the obtained results one can suggest that chemical vapour deposition of GaN, based on pyrolysis of GaCI;NH, is probably determined by competition of the irreversible reactions (2) and (3). The growth of GaN films occurs only because of the higher rate of the reaction (2) in comparison with that of the reaction (3) under the same conditions Furthermore one can suggest that the growth of GaN at temperature above 650 "C occurs with direct participation of gallium halogenides and ammonia, because of almost complete dissociation of the initial complex via the reaction (1). In this connection it is clear that NH,, being present in the gas phase, must play an the introduction of additional gaseous ammonia into the reaction zone was carried out.
The typical W spectra of the gas phase, being formed during pyrolysis at different temperatures with and without introduction of ammonia, are shown in Figures 4a,b,c . Analysis of these spectra shows that introduction of NH, leads to a decrease in the concentration of GaCl, in the gas phase at the pyrolysis temperatures being studied. This is indicated by an increase of the transmittance in the region 230-245 nm, and ~s was the only effect observed at pyrolysis temperature in the region 300-500 C. At such low temperatures, when decomposition of GaCI;NH,via the reaction (2) is impossible, and only the reaction (1) occurs in the gas phase, the influence of NH, probably lies in the shift of the equilibrium of the reaction (1) to form GaCI;NH, complex.
At temperatures of pyrolysis above 500 "C, when deposition of GaN layers occurred, introduction of ammonia also caused a decrease in the concentration of GaCl in the gas phase. This is indicated by a decrease ofthe intensities of absorption bands in the regions 245-270 nm and 320-350 nm. Together with the above mentioned spectral effects, introduction of NH,into the reactor caused a large increase in the deposition rate of GaN at all temperatures being studied (for example 1,5 pm/h -without NH +nd 1 1.5 pm/h with introduction of NH,; the other deposition conditions were the same: Tdep = 600 @, partial pressure of complex -200 Pa).
An increase of deposition rate of GaN, observed in these experiments, does not contradict the possible growth of complex concentration due to the quenching of its dissociation in the gas phase, however the results of special experiments on GaN deposition, performed in this study, show that the maximum increase in deposition rate because of the complete quenching of the reaction (1) is expected to be increased by a factor of about five at 600 "C, and the observed increase was more than one order of magnitude higher. Also the effect of a decrease of GaCl concentration can not be included into a model of the deposition process, based only on the occurrence of the reactions (1)-(3). In fact, the quenching of the reaction (1) must lead to an acceleration of the reactions (2) and (3), and therefore to the growth of GaCl concentration in the gas phase. These considerations allow us to suggest the occurrence of the following reactions in the deposition zone:
Both these reactions are thermodynamically probable under conditions realized in these experiments. However, the occurrence of the reaction (5) is likely to be accompanied by a sharper increase in HCI concentration in the gas phase. This must lead to an acceleration of the reaction (2) and therefore to an increase in concentration of GaC1, which is in contrast with the experimental results obtained. This inconsistency can be overcome if an interaction of the resulting GaCl with ammonia via the reaction (4) is suggested. These considerations show that the occurrence of the reaction (4) seems to be responsible for the acceleration of the GaN deposition process, although it is not correct to exclude completely the probability of the simultaneous occurrence of the reaction (5). This conclusion agrees well with the results of a mass-spectrometric study of the composition of the gas phase during CVD of GaN layers in the GaCl-NH,System [5, 6] . It was shown that the reaction (4) is fairly fast, and probably "it is the biggest contributor to the deposition of GaN. Furthermore, the deposition rate of GaN layers in the GaCl -NH,System can reach the value of about 70 pm/h [I 21 , which is more than one order of magnitude higher than the typical value of gallium nitride deposition rates by pyrolysis of GaCI jNH, complex. It is interesting to note that at the same time hypothetical limitations of growth rate because of slow diffusion of gallium monochloride through the boundary layer and over the reaction surface are impossible in this case. Vapour of GaCl is mainly formed due to etching of the growing GaN layers with gaseous HCI, and therefore the source of gallium monochloride is located on the reaction surface.
CONCLUSIONS
TO summarise, for the mechanism of deposition, we suggest that chemical vapour deposition of gallium nitride layers, based on pyrolysis of GaCl,NH, complex, is determined by competition of the irreversible reactions (2) and (3). The growth of GaN films occurs only because of the higher rate of the reaction (2) in comparison with that of the reaction (3) under the same conditions. At temperatures of pyrolysis higher than about 650 formation of gallium nitnde occurs with drect participation of gallium halogenides and ammonia as the initial complex GaClJW, is completely dissociated according to the reaction (1). The reaction between gallium monochloride and ammonia is the main reaction determining the film growth at these temperatures. Introduction of an additional amount of ammonia into the reactor caused a large increase in the deposition rate of gallium nitride due to interaction of ammonia with gallium monochloride, mainly formed by etching of the growing GaN layers with HCI vapours.
